Synthesis, properties, and applications of silicon nanocrystals J. Vac. Sci. Technol. B 31, 020801 (2013) Field emission from nanometer-scale tips of crystalline PbZrxTi1−xO3 J. Vac. Sci. Technol. B 31, 021805 (2013) Optimization of a self-closing effect to produce nanochannels with top slits in fused silica J. Vac. Sci. Technol. Spin-capable multiwalled carbon nanotube (MWCNT) forests that can form webs, sheets, and yarns provide a promising means for advancing various technologies. It is necessary to understand the critical factors to grow spin-capable carbon nanotubes (CNTs) in a repeatable fashion. Here we show how both the spinning capability and morphology of MWCNT forests are significantly changed by controlling the C 2 H 2 concentration and ramp rate of temperature. The acetylene gas flow was varied in the range of 0.25-6.94% by volume. The MWCNTs grown at C 2 H 2 concentrations between 1.47-3.37% are well-aligned and become spin-capable. The well-aligned forests have higher areal density and shorter distance between CNTs. The thermal ramp rate was also changed from 30 C/min to 70 C/min. A specific range of thermal ramp rate is also required to have the suitably sized nanoparticles with sufficient density resulting in higher CNT areal density for spinnable MWCNTs. A ramp rate of 50 C/min forms suitable sized nanoparticles with sufficient density to produce CNT forests with a higher areal density and a shorter tube spacing.
I. INTRODUCTION
While spin-capable carbon nanotubes (CNTs) that form CNT sheets and/or yarns have attracted great interest because they have enabled many advanced technologies such as nanostructured electrode materials for energy storage, [1] [2] [3] sensors, 4 and polymer composite materials with reinforced mechanical strength, 5 the important factors enabling the growth of the spin-capable forests are still not wellknown. It was reported that growing of spin-capable CNTs forests depends on several growth factors such as catalyst film thickness, growth temperature, and carrier and reactant gases. [6] [7] [8] [9] [10] The other factors still remain to be investigated more thoroughly to date. These include flow rate (or ratio) of reactant gas, reactant gas species, and pressure. We showed 10 that the spinning capability depends on the alignment of adjacent CNTs in a forest, which in turn results from the combination of a high areal density of CNTs and short distance between the CNTs. This could be realized by starting with both the proper Fe nanoparticle size and density which strongly depend on the thickness of Fe film. In addition, it was demonstrated 11 that the reduction of the native iron oxide in as-deposited Fe films suppresses the formation of contiguous films, helping to form nanoparticles which provide nucleation sites for CNTs which are well-aligned and spin-capable. Jayasinghe et al. 12 reported spinnable long CNT forests with 4-6 mm height which was one of the hot issues to increase electrical, physical, and mechanical property. They also showed that the spinability decreased at high partial pressure of ethylene. It needs to be investigated further.
To understand the other factors for growth of spincapable CNT forests, our research interest has been centered on how the growth behavior of MWCNTs is affected by acetylene (C 2 H 2 ) gas and thermal ramping rate. Here we show how the spinning capability and morphology of MWCNT forests are significantly changed by controlling C 2 H 2 concentration and thermal ramping rate.
II. EXPERIMENT
CNTs were grown from iron films, which were deposited by electron-beam evaporation onto Si substrates with an oxidized layer of thickness 400 nm. The thickness of the Fe films was 5 nm and was monitored by a quartz-crystal sensor fixed inside the e-beam evaporation chamber. The CNT growth was performed in cold wall CVD system including a quartz and stainless steel cylindrical CVD chamber (chamber diameter of 120 mm, gap of 15 mm between a shower head of 25 mm diameter and a heater block) at atmospheric pressure using flows of a mixture of C 2 H 2 , He, and H 2 gas. The substrate was introduced into the CVD chamber and ramped to the set point temperature of 780 C at a ramping rate of 50 C/min while flowing He [20 standard liter per minute (slm)] and H 2 (100 sccm). The growth of CNTs was then carried out at the same temperature and pressure by adding C 2 H 2 gas to the flow for 5 min. The C 2 H 2 gas flow was varied in the range of 50 to 1500 sccm (0.25% to 6.94% by volume of the total flow). After completing the growth of CNTs, the sample was cooled to below 100 C in the same H 2 /He gas mixture. In addition, we changed the ramping rate from 30 C/min to 70 C/min. The CNTs were grown at 780 C for 5 min in gas mixture of He (20 slm), H 2 (100 sccm), and C 2 H 2 (400 sccm) with 30 C/min, 50 C/min, and 70 C/min condition, respectively. The CNTs were characterized by scanning electron microscopy (SEM, ZEISS SUPRA 40, 1530VP), Raman spectroscopy (JY HORIBA, LAB RAM Raman HR), and transmission electron microscopy (TEM, JEOL, 2100). The areal density of CNTs was calculated by directly counting the holes resulting from pulling out CNTs from the substrate. a) Author to whom correspondence should be addressed; electronic-mail:
gslee@utdallas.edu
III. RESULTS AND DISCUSSION

A. Effect of acetylene
The height of CNT forests increased from 100 lm to 330 lm as C 2 H 2 concentration increased from 0.25 to 1.47%, corresponding to the growth rate of 0.3 and 1.0 lm/s, respectively (Fig. 1) . The forest height remains unchanged in the range of 1.47 to 4.74%. The further increase of C 2 H 2 concentration (6.94%) makes the height decrease to 140 lm again. A higher concentration of acetylene decreased the lifetime of catalyst because it resulted in a deactivation of catalyst particles possibly by forming a carbon byproduct on the surface of particles. 13 A low acetylene concentration caused a low carbon concentration after decomposition of acetylene at the surface of catalyst particles resulting in the short height of CNTs.
14 Figure 1 consists of SEM images of the MWCNTs in seven forests grown at various concentrations of C 2 H 2 . When the concentration of C 2 H 2 is 0.25%, the CNTs appear wavy or curled. As the concentration of C 2 H 2 increases from 0.25% to 2.43%, the alignment of CNT forests is improved, forming CNTs that are well-aligned. The further increase of C 2 H 2 concentration to 6.94% worsens the alignment of CNTs, resulting in curled or wavy forests again. As a result, the C 2 H 2 concentration between 1.47% and 3.37% makes CNTs appear dense and well-aligned. On the contrary, the CNTs grown both at the highest concentration of 6.94% and the lowest concentration of 0.25% appear the most curled. This alignment is strongly dependent on the acetylene concentration. In agreement with our previous reports 10 that CNT sheets and/or yarns can be pulled from the well-aligned CNT forests, the CNT forests grown at the acetylene concentration between 1.47% and 3.37% become spin-capable, forming more than 3 m long sheets or yarns. The others are not spin-capable. This indicates that the spinning capability of CNT forests is strongly dependent on the concentration of C 2 H 2 .
To understand the dependence of the spinning capability on the C 2 H 2 concentration, the CNT diameter and its distribution were investigated by TEM (Fig. 2) . Regardless of C 2 H 2 concentration, all of the CNTs were MWCNTs, which is consistent with the Raman spectra of the CNTs (Fig. 3) . Histograms of the average diameters and standard deviation with Gaussian fitting are shown in Fig. 2 . The average CNT diameter grown at C 2 H 2 concentration of 0.25-4.74% is around 12.23 6 1.6-13.11 6 1.5 nm, but is slightly higher (14.22 6 1.1 nm) at 6.94%. This indicates that the CNT diameter does not change significantly as the C 2 H 2 concentration is increased. It is in good agreement with a previous result from Hasegawa et al. 13 They reported that the diameter of CNTs grown on the same thickness of Fe catalyst film remained unchanged at different acetylene concentrations but correlated with catalyst particle size. To examine the spinning capability (or the alignment) depending on the C 2 H 2 concentration in more detail, the average distance between adjacent CNTs (tube spacing) was estimated using the average CNTs diameter and the areal density (Fig. 4) . The well-aligned CNTs grown at 1.47-3.37% have an areal density greater than 1.2 Â 10 10 tubes/cm 2 , but the others have lower areal density. As expected, the tube spacing for 1.5-3.5% is smaller than that for the others by 20-30 nm as shown in Fig. 4 . As a result, the CNTs grown at the C 2 H 2 concentrations of 1.47-3.37% have a larger areal density (narrower tube spacing), and form well-aligned and spin-capable CNT forests. 9, 10 Interestingly, the ratio of intensity between G peak and D peak (G/D) ratio obtained by Raman spectra of the MWCNT forests (Fig. 3) decreases from 1.47 to 0.89 as the C 2 H 2 concentration increases from 0.25% to 6.94%. This means that the MWCNTs may have more defects and/or a larger amount of amorphous carbon as the C 2 H 2 concentration increases. In addition, amorphous carbon is clearly observed on the surface of CNTs grown at the higher C 2 H 2 concentration of both 4.74 and 6.94% as can be seen in TEM images. This is consistent with the decreased G/D peak ratio at higher C 2 H 2 concentration in Raman results. We also believe that the increase of the amorphous carbon at the highest C 2 H 2 concentration causes the CNTs to be shorter in height due to early deactivation of the Fe catalyst (Fig. 1) .
B. Thermal ramping rate
Carbon nanotube synthesis depends upon the morphology and activity of metal catalysts. 10 Fe catalyst film thickness is critical to form proper sized nanoparticles which cause spincapable CNT forests. 10 Thermal ramping rate is one of key factors to grow spin-capable CNT forests. The ramping rate is the time at which the sample is raised from room temperature to growth temperature (780 C). Spin-capable CNT growth was investigated as a function of different ramp rates ranging from 30 C/min to 70 C/min, with the process conditions fixed at 780 C and mixture of 100 sccm H 2 , 400 sccm C 2 H 2 , and 20 slm He. Figure 5 shows high resolution SEM images of CNT forests grown at different ramping rates and a plot of growth height as a function of ramp rate. As shown at Fig. 5(d) , the highest height of the CNT forest is 400 lm at 50 C/min, while the height are 360 lm and 250 lm at 30 and 70 C/min, respectively. High resolution SEM images show relationship between thermal ramp rate and CNTs alignment. The CNT forests morphology grown at three different conditions show a big difference. Spinnable CNT forests The average CNT diameter measured by TEM decreased as ramping rate increased as shown in Fig. 6 . The average diameter of CNT is 13.4 6 2.69 nm, 12.5 6 2.14 nm, and 11.7 6 2.27 nm when the ramp rate is 30 C/min, 50 C/min, and 70 C/min, respectively. This indicates that different ramp rates produce different diameter catalytic nanoparticles and CNTs. It is well-known that small/large catalytic nanoparticles form small/large diameter of CNTs. 15 The areal density of CNT forests grown with different ramp rate is also shown in Fig. 6 . The areal density of the CNT forests grown at 50 C/min condition which are spin-capable are greater than 1. The average distance between adjacent CNTs is around 62 nm for spin-capable CNT forests grown at 50 C/min condition. Others have an average distance higher than 70 nm. As a result, the ramp rate of 50 C/min forms CNT forests which have higher areal density and shorter tube spacing and causes that CNT forests produce CNT sheet and yarns.
To validate these results, SEM was used to characterize the morphology of catalyst particles. Figure 7 shows SEM images of the catalyst films that have undergone pretreatment with different ramp rates. The average size of Fe nanoparticles are 14.1 6 2.83 nm, 12.6 6 3.25 nm, and 11.7 6 2.40 nm for 30 C/min, 50 C/min, and 70 C/min ramp rates. We find that Fe nanoparticle size corresponds to the diameters of CNTs approximately. It is well-known that the size of catalyst particles has an important influence on the diameter of CNTs. 15 In addition, for the same thickness Fe catalytic film different ramp rate cause the film to break into small/large size nanoparticles. Slow ramp rates like 30 C/min form large particles at low density due to the Ostwald ripening phenomena. 16 The long ramp time of 30 C/min provides high thermal energy to the Fe nanoparticles which diffuse or migrate along the surface to neighboring nanoparticles. The resulting larger nanoparticles having the lower density afford fewer nucleation sites for growth of carbon nanotubes and lead to the low areal density and the curled morphology of these CNT forests. On the other hand, Fe particles formed in fast ramping rate like 70 C/min condition form small, sparse isolated islands, too few for sufficient nucleation sites. They result in low areal density, curled CNT forests. We found that a specific range of ramp rate is required to have the suitably sized nanoparticles with sufficient density resulting in higher CNT areal density for spinnable MWCNTs. 
IV. CONCLUSIONS
We have investigated the relationship between the spinning capability of CNT forests and the concentration of C 2 H 2 and the ramp rate of temperature. The spinning capability of CNT forests strongly depends on the concentration of C 2 H 2 and thermal ramp rates. Spin-capable MWCNT forests grow successfully in C 2 H 2 concentrations between 1.47% and 3.37%. CNT forests grown at this concentration range are wellaligned, have a higher areal density (or shorter distance between adjacent CNTs) and have less amorphous carbon while other CNTs grown outside this range of C 2 H 2 are more curled and have lower areal density. As a result, either insufficient or excess carbon in the source gas leads to decreasing the areal density, which results in poorer alignment of CNTs and spinning capability of the forests. A specific range of thermal ramp rate is also required to have the suitably sized nanoparticles with sufficiently higher CNT areal density for spinnable MWCNTs. A ramp rate of 50 C/min forms suitable sized nanoparticles with sufficient density to produce CNT forests with a higher areal density and shorter tube spacing. Slower or faster ramp rates (30 C/min and 70 C/min) make small/large catalytic nanoparticles and then provide fewer nucleation sites resulting in poorer CNTs density, and curled and nonspinnable CNT forests.
